Often in aerospace applications engineers and managers are asked to make decisions on the basis of widely divergent objectives. For instance, contract proposals may be evaluated on the basis of technical merit, total cost, ability to meet schedule requirements, and intangible attributes such as previous performance. In such situations experts are asked to evaluate the proposals on the basis of their best judgement.
Often, only qualitative or vague statements can be made, such as good performance, or poor cost. Experts then apply numerical ratings to these vague, or fuzzy, terms to assist in the evaluation. However, each of the scoring criteria may have a different degree of importance depending on the approach of the evaluation. This relative importance must be taken into account to assure that the best decision is made among many different alternatives.
Fuzzy logic provides a means for evaluating alternatives
where the objectives and criteria are vague and where the ranking criteria themselves vary in importance. Fuzzy logic is a subset of conventional logic that has been extended to allow for degrees of truth -truth values between true and false. Fuzzy logic has been used in a variety of applications, including control systems, m artificial intelligence, TM Fuzzy logic can be applied to address vagueness in these and many more applications. This is contrasted with probability theory, which is commonly used to treat imprecision. Probability theory rests on the concept that imprecision is the result of randomness. However, in many applications, such as those discussed above, imprecision is not the result of randomness alone. Hence, fuzzy logic becomes necessary to evaluate systems in which the description is vague, qualitative, or subjective.
The concept of partial membership makes fuzzy logic ideal for application to a multi-objective decisionmaking process. In such a process the decision maker is Assume that an evaluator rates the four proposals as shown in Table 1 . The evaluator can now rank the proposals by using conventional approaches and the raw scores. Weighting factors were obtained from the previously determined criteria. The raw scores are multiplied by the weight for each criteria, and a total score for each alternative is obtained by summing the weighted scores. The proposal evaluation can also be conducted by using fuzzy logic techniques. In the fuzzy logic method, described in detail in references 7,8, and 12, the evaluator first rates each vendor against the desired criteria on a scale of 0 to 1, where a score of 1 indicates "goodness," as discussed in the conventional process. These scores are referred to as the raw scores. After all the options have been rated, a paired-attribute matrix is prepared to rank the importance of each criterion against all the other criteria. By calculating the eigenvectors of the maximum eigenvalues of this matrix the relative weighting factor of each of the criteria can be obtained. The raw scores are then raised to the power of the weighting factor to give the weighted ratings. These weighted ratings show the degree to which each vendor meets each criteria. According to fuzzy set theory, 12 when a decision is made on a number of fuzzy criteria where all criteria are important, the intersection of the sets is required. In mathematical terms, the minimum value of all weighted attribute scores must be used to obtain the final ranking of a option. Then, the best option is the largest of these minimum scores.
The fuzzy logic process can be performed by using the raw scores in Table 1 . The paired attribute matrix for this example is shown in Table 3 . Note that other methods, such as the Analytic Hierarchy Process, exist for obtaining this paired attribute matrix, as described in reference 10. The fuzzy logic weighting factors were obtained from the malzix as discussed previously, and the alternatives were then ranked by using the minimum weighted score.
The fuzzy logic weighted rankings for this example are provided in Table 4 . As seen in the table, the In thecurrent study this procedurewas repeated by usingthetopnineattributes, ratedby the weighting factor, inordertoproduce a manageable number of attribute scores. The results of thisanalysis areshown in Table 7 .As seenin thetable, therewas no difference in theorderof selection when thetop nineattributes were usedinstead of twenty-three. Following thiscalculation theoptimum propulsion system was determined by using fuzzy logicmethods.For thefuzzy logicstudy theSynergy Group ratings, which were on a scaleof 0 to9,were used and divided by I0 toallow them to fall intherange required by fuzzy settheory. Then, a matrixwas prepared to rate the attributes against each other. This matrix was developed from the Synergy Group weighting factors.
The fuzzy logic weighting factors were then calculated as described in the previous example. The final weighted results were obtained by raising the raw scores to the power of the fuzzy logic weighting factor. options had the highest scores. However, the order of the other options showed some significant differences. The The upgrades to the existing expendable and existing reusable vehicles remained as the lowest rated options.
One reason for the change in the order of selection is related to the significance of the "Easily Supportable" criterion. Because supportability was defined by the Synergy Group as a critical element in the decision protess, the fuzzy logic results emphasized this criterion. Therefore, the low scores for the TSTO and the SSTO Slush H2 RBCC in this category led to reduced ranldngs for these vehicles. In addition, the SSTO Dual Fuel concept fell in rank due to a low rating in the "Capacity" criterion. In the raw scoring this option received one high score in the "Easy Vehicle Integration" attribute. This one high score played a key role in the higher score for this vehicle in comparison to the Conventional Expendable option in the original study. However, the fuzzy logic results were based on the attributes for which the SSTO Dual Fuel concept was not well-suited, such as the capacity. Therefore, the fuzzy logic result was not influenced by the high score for the vehicle integration attribute.
Although the fuzzy logic results did not show differences in the best-scoring options, the method warrants consideration for future decision-making processes.
By using the minimum value of the weighted scores, the fuzzy logic method focuses on the degree to which each objective is met by the alternatives. The goal of the process is to find the best option assuming all the options are important. Therefore, by using the minimum value of the weighted scores may allow for a different perspective on the decision process. By doing an arithmetic weighting as was done in the original Synergy Group study, the high scores can dominate the results. While focusing on those attributes that are good for each option is important, it is equally important to evaluate which attribute may hinder development at a later time. Therefore, it is suggested that the future propulsion decision-making, including those incorporating QFD approaches, take advantage of recent work in fuzzy logic as a complement to arithmetic weighting to assist in the selection process. Table 9 .
Space Propulsion Candidate Evaluation for Upper Stage Aovlication
Methods for solving evaluations such as these are provided in references 10 and 17. The first step in the evaluation is to group the criteria such that they reduce to a single criterion. This grouping is shown in Fig. 2 Table 11 . The balancing factors are used to reflect the maximum deviation or difference between a criterion value and the best value for that criterion. The larger the value of the balancing factor, the greater the concern with respect to that eriterion's deviation. As described in reference 16, a value of 1 or 2 appears to be a good choice forp. In this example the balancing factor was assumed to be 1 in all eases. As in the case of the fast-level index, four values of the secondlevel index will result for the cost and for the technical criteria.
As an illustrative example of the second-level index value, consider the technical criteria for the LOX/ To rank the options, the maximizing and minimizing set concepts of fuzzy logic are used. This ranking method is illustrated in Fig. 6 . The maximizing set, !1M, is defined as:
I.t M = (L h -Lmin)/(Lmax -Lmin)
Lmin < Lh < Lmax
As depicted in Fig. 6 , the maximizing set intersects each trapezoidal fuzzy set in two places. A right utility value, U R, can be determined on the basis of these intersection points; the value for U R for each fuzzy set is the largest of these two intersection values. Similarly, a minimizing set, laG , is defined as:
The value for the left utility value, U L, is the maximum of the two intersection values of the minimizing set and the fuzzy set. The total utility or ordering value, U, for each alternative is found by the following equation:
For the example provided here the final order of alternatives was as follows:
In this example the order of selection was not clear from the original range of data. This is often the case when decisions are made on the development of new systems. However, the fuzzy logic methods provide a systematic approach to making a selection when the criteria are vague and of varying importance.
In this case the NTO/MMH system had lower performance than the other options, but the combination of lower weight and lower cost led to its high ranking. Note that the results were highly sensitive to the importance factors assumed. If all the criteria were assumed to be of equal importance then the order of selection was LOX/CH4, then NTO/MMH, followed by LOXILH2. The balancing factor, p, did not significantly impact the results, however. In this example only four criteria were used to compare three alternatives;
this process can easily be extended to many more criteria and alternatives. This example shows the utility of fuzzy logic techniques in providing a method for decision-making when the basic evaluating criteria are uncertain.
Concluding Remarks
A study was performed to demonstrate the use of fuzzy logic approaches to assist in decision-making under conditions of vague or qualitative criteria. Such situations arise when the evaluation criteria for the best option among alternatives are of unequal importance. One approach used is based on the concept of applying a subjective value to each alternative according to each of the evaluation criteria. Weighting factors can then be applied to the raw scores to provide a final ranking for each option on the basis of the relative importance of each criteria. Two examples were provided to illustrate the fuzzy logic decision-making procedure by using this approach. Another method used criteria that were objective but uncertain. In this case ranges of values were used for factors such as cost, performance, and reliability. A final ranking of the alternatives was obtained by using weighting factors and fuzzy set theory. One example was provided to illustrate this method. Order of selection: E/F, C/G, H, D/I, AJB Cost .600 
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